In this paper, we show how to calculate analytically the one-loop helicity amplitudes for the process qq → tt induced by KK gluon, using the spinor helicity formalism. A minimal set of Feynman rules which are uniquely fixed by gauge invariance and the color representation of the KK gluon are derived and used in the calculation. Our results can be applied to a variety of models containing a massive color octet vector boson.
I. INTRODUCTION
attention thechannel in the current work.
In this paper, we investigate how to calculate the complete NLO QCD corrections to tt production induced by KK gluon, which has not been reported in the previous literature. We first isolate a minimal set of gauge invariant interactions and derive the relevant Feynman rules for the KK gluon, the ghost of KK gluon and the 5th component of the five-dimension (5D) KK gluon field in R ξ gauge, and show in detail how to renormalize the resulting one-loop amplitudes. Finally we present the full one-loop helicity amplitudes for KK gluon induced tt production, and the contribution from real emissions at the NLO is left to be done in another work. As a by-product, we also calculate the NLO total decay width of KK gluon in the large m KK limit. A complete numerical result and phenomenology discussion of the NLO corrections to tt production induced by KK gluon will be presented elsewhere [20] . This paper is organized as follows: in Sec. II we briefly derive the relevant Feynman rules used in our calculation. Details of the one-loop calculation are presented in sec. III.
A discussion on the result and a brief conclusion is given in sec. IV. All relevant Feynman rules can be found in appendix A.
II. THE MODEL
In this section we derive the Feynman rules relevant in our calculation. Part of the results in this section are well known in the literatures [21] [22] [23] [24] [25] [26] [27] [28] . The RS construction is a slice of 5 dimensional Anti-de Sitter space. Since gravitational fluctuations play no role in the problem, we consider a fixed background metric of the form
where z lives on the interval [z 1 = 1/k, z 2 = 1/T ]. It's assumed that k is of the order M P l , and T is of the order TeV.
The action for a 5 dimensional massless gauge boson with SU(3) gauge symmetry is
where the Roman indices M, N run from 0 . . . 3, 5. The field strength for the 5D gauge field is defined as
where g 5 is the gauge coupling constant in 5D. 
It can be seen from Eq. (4) that there is mixing between the 4D components A µ and A 5 .
To cancel the quadratic mixing terms, it's conventional to introduce the following bulk and boundary gauge fixing terms
A convenient gauge choice for the boundary terms is the unitary gauge ξ b → ∞, in which the boundary condition for the gauge field is
As usual in quantizing spin-1 gauge fields, we also need to introduce ghost field to appropriately account for the degrees of freedom. Following the Faddeev-Popov procedure, the 5D
ghost Lagrangian in R ξ gauge is
where D µ is the covariant derivative in adjoint representation:
The final action is then given by S = S 5D + S GF,bulk + S GF,boundary + S 5D,ghost .
To derive the relevant Feynman rules, we expand the gauge field in terms of a set of orthonormal KK modes:
µ (x)χ j (z),
where the orthonomal basis χ j satisfies dz z χ i (z)χ j (z) = δ ij (12) and is determined by
The ghost field has similar KK decomposition in terms of 4D ghost field:
Substituting the expansion, Eq. (11), into the action, Eq. (4), and integrating over the 5th dimension, we obtain the 4D Lagrangian that describes the interaction of various 4D field.
The first few KK modes that are relevant to our discussion are
5 , u (0) and u (1) .
The propagator of these fields are given as, in R ξ gauge:
where we have identified the zero KK mode as the QCD gluon field, and denote the mass of first KK mode as m KK . Without confusion, we also call the first KK mode as KK gluon occasionally. It's a straightforward exercise to derive the Feynman vertices for these fields.
For example, the vertex of 3 zero KK mode comes from the Lagrangian
The z integral can be trivially done since χ 0 ≡ χ 0 (z) is a constant, and
It's immediately clear that one can identify the QCD gauge coupling as
that L 3g gives the conventional 3-point gluon interaction in QCD. One interesting feature of L 3g is that the resulting coupling is independent of profile of the KK mode in the 5th dimension. Actually one can derive a set of vertices that have this feature from the action in Eq. (10) . Part of these vertices are just the conventional QCD vertices. The other part describes the interaction between the zero KK mode and the first KK mode, which can be found in the appendix.
Finally, we need to know the interaction between the KK mode and fermion, which is sensitive to the 5th dimension profile of the KK mode. This can be done by adding a term describing 5D fermion interaction with 5D gauge boson field into Eq. (10):
where the covariant derivative is defined as
and
is a Dirac spinor. The 5D fermion field can be expanded in terms of fermion KK modes:
where g j (z) and f j (z) are the fermion wave functions of the 5th dimension, with the nor-
Substituting the expansion into Eq. (18), we derive the interaction between fermion zero mode and KK zero mode:
This is just the conventional QCD interaction between fermion and gluon. For the interaction between the fermion zero mode and first KK mode, we have
where the chiral couplings are defined as
There are also interaction terms between fermion zero mode and A
5 :
where all the z dependencies have been written out explicitly. Also the 5th dimension wave function of gauge field χ 1 (z) should not be confused with the chiral fermion field χ (0) (x).
Integrating by part over the z integral, we obtain
where we have made use of the equation of motion of fermion field in the 5th dimension:
Here M j is the 4D mass of the j-th fermion KK mode, and c is a bulk quark mass parameter, which doesn't appear in the interaction between fermion zero mode and A
5 .
The Feynman rules for the quark and first KK mode can be found in the appendix.
At this point, we have derived all the Feynman rules between the zero mode and the first KK mode that are uniquely determined by QCD gauge invariance, and the color representation of the KK mode. Vertices between the SM quark and first KK mode, though not fixed by gauge invariance, are also presented, since they are necessary for the process to happen. There exist other vertices which are not fixed by gauge invariance. For example, a vertex of 3 KK gluon can be derived from the Lagrangian, with a coupling sensitive to the 5th dimension profile of the KK mode. Such couplings might not be small; instead they are strong coupling in many cases. However we choose to omit these interactions in our calculation for several reasons:
• These couplings are usually strong, the meaning of perturbative expansion is not clear.
• These couplings depend on the 5th dimension profile, thus are highly model dependent, and vary from model to model.
• The effects of these couplings can be calculated separately, if desired.
With the Feynman rules at hand, we are ready to explain the meaning of one-loop amplitudes for→ tt in our calculation. These include the conventional SM QCD one-loop amplitudes, corrections of gluon self energy by loop of first KK mode, and the gluonic corrections to the LO process→ A
µ → tt. The amplitudes we consider have the features that they consist of a set of gauge invariant corrections, and are model independent (in the sense that only the mass and color representation of the first KK mode matter). The structure of IR divergence of these amplitudes resemble the SM QCD, and the IR divergences will be canceled when combining virtual corrections and real corrections. Thus all the low energy QCD effects are captured in our calculation, including the large threshold logarithms that usually dominate the NLO corrections [29] . The remaining diagrams that are not considered in this paper are both model dependent and IR finite. They can be calculated separately if needed. Similar consideration of calculating a subset of corrections can be found in ref. [30] .
III. ONE-LOOP HELICITY AMPLITUDE
In this section we present the one-loop helicity amplitudes for→ tt, for both gluon induced and KK gluon induced processes. SM one-loop squared amplitudes for tt production are known for a long time [14] [15] [16] 31] . one-loop amplitudes with full helicity information are also known [32, 33] . We have re-derived the SM one-loop amplitude for→ tt and found complete agreement with those in ref. [32] . Nevertheless we present them here for the sake of completeness.
A. Convention
Throughout our calculation, we adopt the Four-Dimensional Helicity (FDH) regularization scheme [34] . Therefore the gauge coupling is defined in the FDH scheme. The conventional MS scheme gauge coupling can be obtained by a finite renormalization [35] 
For simplicity, we do the calculation in 't Hooft-Feynman gauge, ξ = 1. A common factor C ǫ is omitted in all the result present below,
Analytical continuation for the Mandelstam variables are defined as
We use the modified spinor helicity method suitable for massive particles [36] in our calculation. A recent application of this method can be found in ref. [37] . As usual, massless spinor are denoted as
Massive momenta are written as sum of two massless momenta:
Massive spinor can then be written as
where η is an arbitrary reference light-like momenta. The arbitrariness of η can be utilized to change the helicity of massive spinor:
Therefore we only give results for amplitudes with a definite helicity configuration of massive quark, λ 3 = +, λ 4 = +, where λ 3 and λ 4 are the helicity of t andt, respectively.
For the process we consider in this paper, the amplitudes can be factorized into the product of a color factor and color stripped spinor products, i.e., M = CA, where the color factor C stands for some product of color matrixes. We will list below the color factor and spinor products respectively for each amplitude. The LO amplitudes ( Fig. 1 ) are straightforward to calculate. The color structure is
The Lorentz part is made of two structures of spinor products
where the boldface momenta denote massive particle momentum vector. At the LO, there is only vector current couplingψγ µ ψ at the massive quark vertex. At the NLO, however, magnetic-moment couplingψ (iσ µν q ν ) ψ/ (2m t ) is induced from loop diagram. Here we have defined q = p 3 + p 4 . For completeness we also list tree amplitudes for magnetic-moment interaction as follows: The amplitudes for self-energy diagrams ( Fig. 2 ) are proportional to the tree amplitudes.
The color structure is identical to that of tree amplitudes. The Lorentz part is UV-divergent.
The contributions from n f massless quark flavors, the massive top quark and the gluonic self-interactions are found to be
For n f = 5 massless quark flavors, the total self-energy diagram amplitude is simply
At one-loop level, the massive KK-gluon also enters the gluon propagator via gauge in- teractions with the gluon, and hence contributes to the gluon self-energy function. These diagrams (Fig. 3) give arise to an additional amplitude
Here we have definedβ = 1 − 4m 2 KK /s. The gluon wave-function renormalization constants enters the renormalization constants of the strong coupling. We renormalize the massless quark loops and gluonic loops in the MS scheme, while for the massive top quark loop and KK gluon loop, on-shell scheme is adopted.
Thus, massive particles are decoupled from the running of the strong coupling constant.
Explicitly, various contributions to the gluon wave-function renormalization constants are
where
The corresponding counter-term diagram which renders the self-energy correction finite is
Results for Triangle Diagrams
The color structure for the triangle diagram (Fig.4) is the same as the tree amplitude.
The Lorentz part of the amplitude can be divided into two parts. One is the vector current coupling induced part, which is UV-and IR-divergent at one-loop level. The other is the magnetic-moment type interaction induced part, which is free of divergence. Accordingly, we introduce two form factors F 1,2 (m 2 t , s) and write the triangle diagram contribution as The one-loop triangle diagram of massless quark contributes only to the vector current form
t , s):
The renormalization constant of the strong coupling g s is given by
where δZ
MS Γ
is the UV-divergent part of the one-loop vertex function:
and δZ
MS q
is just the UV-divergent part of the on-shell wave-function renormalization constant for massless quark. The on-shell wave-function renormalization constants for massless and massive quark are
The counter-term contributions that render both the massless quark vertex and the massive quark vertex to be UV-finite, respectively, are: For each of the two helicity configurations for massless quarks, the Lorentz parts of the box diagram (Fig.5 ) amplitudes can be reduced to contain only 4 independent structure of spinor product. For the regular box diagram, which is proportional to the color structure
we have found
where B i , i = 1, 2, 3, are auxiliary functions that depend on m functions
where D i , D ij are defined as
We can define crossed auxiliary functions by exchange t ←→ u,B i = −B i (t ←→ u). The amplitudes for the crossed box diagram, which is proportional to the color structure
are
Next we give explicit expressions for B i , suitable for general complex arguments. First we introduce some notations
B 3 is finite The other two functions B 1 , B 2 have the same IR-divergent part so that divergences are proportional to the tree amplitudes
where B f in 1,2 are the finite parts, respectively. We also give explicit expressions for both finite parts. For B f in 2 , we define coefficients
We have
For B f in 1 , we define another set of coefficients 
The IR-divergent parts are proportional to the tree amplitudes
As mentioned before, the SM results presented above agree with those in ref. [32] .
C. KK Gluon Induced Helicity Amplitude for→ tt The fermionic current coupled to the massive color octet is
where I = q, t denotes a massless quark or massive top quark, respectively. And P L,R = (1 ∓ γ 5 )/2 are the chiral projection operators. It is straightforward to calculate tree amplitudes (Fig. 6) for the KK-gluon-mediated process. The color structure is identical to that of the gluon induced diagrams, and the Lorentz part is written in terms of spinor products A tree,KK (+, −, +, +) = 2iC
At the NLO, chiral magnetic-like interaction
will be induced from one-loop triangle diagrams. We also provide tree amplitudes which will be used to construct one-loop amplitudes
2. Results for Self-energy Diagrams At the NLO in QCD coupling α s , the massive KK gluon propagator (Fig: 7) will receive corrections from loop of gauge bosons, their ghosts and A
5 . There will be two Lorentz tensor structures g µν and q µ q ν , but the latter does not contribute to the amplitude by means of both vector-current and axial-current conservation on the massless quark side.
The color structure is identical to the tree amplitudes. 
We subtract the one-loop KK gluon propagator on the mass shell, and obtain mass renormalization and wave-function renormalization:
We choose MS scheme to renormalize the coupling between quarks and the massive KK gluon. The counter-term contribution that cancels the UV-divergent part of KK gluon self-energy is given by
Here we have include a logarithmic term 
Results for Triangle Diagrams
For the one-loop massless triangle diagrams (Fig. 8) , the Lorentz amplitude is again the tree amplitude multiplied by a form factor. The form factor is the same for both helicity 
configurations (+, −, +, +) and (−, +, +, +). The explicit result is
where the one-loop scalar integrals C 0 [38] should be understood as only retaining the finite part. The results for one-loop massive quark vertex amplitudes can be expressed as linear combination of tree amplitudes, of both helicity configurations. They have the form 
with polynomial coefficients
The second coefficient is
The third coefficient is
Here the scalar one-loop integrals B 0 's and C 0 's [38] should be understood as only retaining the finite part.
The renormailzation of the above two one-loop vertex amplitudes are very similar to the case of the SM process. We choose to renormalize the chiral coupling between the KK gluon and quarks in the MS scheme
is the UV-divergent part of the one-loop vertex function, which is common regardless of the quark mass, and also regardless of the chirality of the coupling.
And δZ MS q/t is just the UV-divergent part of the on-shell wave-function renormalization constant for massless or massive quark.
The counter-term contributions are easily obtained: For the KK gluon-mediated process at one-loop, there are 2 regular box diagrams and 2 crossed box diagrams (Fig. 9) . We do not repeat the color structure which is identical to that of the Standard Model box diagrams. The Lorentz part can be expressed in terms of the same set of spinor products basis combined with both left-and right-handed couplings, with a total of 6 coefficients B 
For the crossed box diagrams the amplitudes are related. We denoteB KK i,1/2 by exchanging t and uB
Amplitudes for crossed box diagrams are in a similar form
There is no UV divergence, and IR divergence is proportional to the treel amplitudes 
The third coefficient is found to be vanishing. The fourth coefficient is
with the polynomial coefficients
infrared QCD effects are captured in our calculation, which usually dominate fixed order cross section [29] . This implies that with minor modification, our calculation results can be applied to a variety of models containing a massive color octet, cf. refs. [25, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . To confirm this, we also derive the relevant Feynman rules in a model with SU(3) L × SU(3) R symmetry, which is spontaneously broken to diagonal SU(3) C by a bi-triplet scalar field. As expected, all Feynman rules that are uniquely determined by gauge symmetry are the same in the two models, including those vertices involving ghost and goldstone bosons 1 .
Using the Feynman rules derived in this paper, the decay width of KK gluon can also be calculated to NLO. The relevant Feynman diagrams are depicted in Fig. 10 . After including both virtual corrections and real emission contributions, the NLO decay width can be written
1 A 
where β 0 = 23/3 is the QCD beta function for N C = 3, n f = 5. For large C I L/R , the total decay width is large, ∼ 10%. This invalidates the narrow width approximation, and is one of the motivation of this work. A simple framework for dealing with virtual particles with large width is the so-called complex mass scheme [54] . In this scheme, m 2 KK is complex,
wherem KK is a real mass. All the mass terms in the Feynman rules and in the helicity amplitudes should be understood as complex number.
In conclusion, we have calculated the one-loop amplitudes for tt production induced by KK gluon. As mentioned above, the calculation presented in this paper shows for the first time how to calculate renormalized one-loop amplitudes predicted by new physics model.
To obtain phenomenological relevant numerical result, we need to combine virtual and real corrections to cancel the remaining IR divergences and obtain a finite cross section. This will be presented elsewhere [20] . To facilitate a convenient comparison to our calculation, we provide the explicit numbers of squared LO and NLO virtual amplitudes in this appendix for a single phase space point: 
We defined the LO squared amplitude as spin,color
where M
SM and M
KK are the LO amplitude for→ tt induced by gluon and KK gluon, respectively. Although the SM amplitudes are well known, we nonetheless give them here for the convenience of the reader. At the specific phase space point we have chosen, the numbers on the amplitudes are given in Table. I.
Next we define the virtual squared amplitudes as 
SM is the SM one-loop virtual corrections, and M 
